Dislocation dynamics simulations of the interaction between prismatic dipolar loops and a glide screw dislocation are presented. As a result of stress gradients generated by the glide dislocation, dipolar loops execute drift motion along their glide cylinders. Simulations of the combined motion of two dipolar loops in the stress field of a glide dislocation clearly show that inter-loop forces are essential in determining their spatial trajectories. Under cyclic stress conditions, it is shown that same-type dipolar loops drift monotonically in the same direction, and that their spatial clustering is largely determined by strong inter-dipolar binding forces. The investigated sweeping mechanism is discussed in terms of the prerequisites for the formation of persistent slip bands under fatigue loading conditions.
Introduction
The spontaneous formation of dislocation patterns is one of the most striking features of plastic deformation of ductile crystalline solids at the micro scale. These patterns consist of alternating dislocation rich and dislocation poor regions usually in the micrometre range (e.g. dislocation bundles, veins, walls, channels, and dislocation cells). The formation of these patterns is widely believed to be a result of collective interactions between dislocations. Nonetheless, such collective phenomena play a prominent role in determining the general characteristics of plastic deformation, fatigue, and fracture properties of ductile materials.
The dislocation pattern formation process is a consequence of an overproduction of dislocations. Only a small fraction of them is needed to carry plastic deformation, while the obtain reliable quantitative data on the sweeping process. For that reason, the parametric dislocation dynamics (PDD) method proposed by Ghoniem et al [18, 19] is employed here for the simulation. We study here the influence of forces between small dislocation dipoles on their individual and collective motion in stress gradients. We also investigate the basic mechanism of early clustering and pattering of dipolar loops that is experimentally observed under fatigue loading conditions. In section 2, we develop a model used to simulate the dynamics of a glide dislocation and interacting dipolar loops. Results of the model are given in section 3, where we investigate the combined motion of a glide dislocation and a single dipolar loop, the behaviour of two dipolar loops with and without their mutual interaction forces, and finally the collective motion of a group of dipolar loops under cyclic applied stress. Finally, conclusions are given in section 4.
Dynamics of a glide dislocation and dipolar loops
We analyse here the dynamics of a single glide dislocation and interacting dipolar loops. There are basically four types of dipolar dislocation loops: vacancy and interstitial loops, each in two possible stable configurations [15] . In the analysis here, results for vacancy loops in one of the stable configurations are presented. For interstitial loops and other configurations, the results are similar, and will therefore not be presented. Figure 1 shows the initial geometry of a glide dislocation and a single dipolar loop. The dislocation can glide on the (111) slip plane, while the dipolar loop can only move along its own glide cylinder, i.e. along the direction of the Burgers vector [101] . We assume here that the dipolar loop is a parallelogram. Its two long arms are parallel to the edge orientation [121] with a length of 60 nm and glide on (111) slip plane, while the two short arms glide on the (111) slip plane. The relative distance of the two long arms is chosen such that the dipolar loop plane and the glide plane (111) for the two long arms form an angle of 45˚as shown in figure 1(b) . The height of the dipolar loop is taken as 4 nm [20] , which is measured by the distance between the two (111) glide planes. The originally straight glide dislocation with the same Burgers vector as the dipolar loop can have any orientation, and is pinned at both ends. We choose the glide plane normal as the z-axis, and the direction of the glide dislocation as the x-axis. The distance between the slip plane of the glide dislocation and the centre of the loop is its stand-off distance, and is denoted by D, as shown in figure 1(b) . The distance of the projection of the centre of the dipolar loop on the glide plane to the initial dislocation position is denoted by d. Thus, the coordinates of the position of the dipolar loop in this local coordinate system can be written as (x, d, D). The geometric configuration and dimensions follow the experimental observations in [20] . Figure 2 shows the deformation of a dipolar loop initially located at (0, 30, 20) under the influence of the glide dislocation and a shear stress τ = 4 MPa. The glide dislocation and the four segments of the dipolar loop interact simultaneously under the influence of an external shear stress. It is shown that the deformation of the two short segments is very small, and they are almost straight. The maximum relative deflection of the two long arms is less than 1% of their length. Thus, the overall deformation of the dipolar loop is very small, and can be neglected. As a result, we will assume here that the dipolar loop shape is rigid under relatively low applied shear stresses, and that it moves as a whole along the direction of its Burgers vector. The position of a loop is determined only by the coordinates of its centre. A rigid approximation for the dipolar loop motion is thus possible. In all simulations, the material parameters are for nickel (the shear modulus µ = 80 GPa, Poisson's ratio ν = 0.33, and |b| = 0.25 nm). We also assume that the effect of dislocation dissociation into partials in nickel is small and can be neglected.
The equation of motion for the centre of a loop in the rigid approximation can be written as:
Here, x i stands for the position of the ith dipolar loop centre along the axis of its glide cylinder. f dis and f DL j are force components along the glide direction generated by the stress fields of Sweeping mechanism of dipolar dislocation loops 5 the glide dislocation and the interaction forces from other dipolar loops, respectively. f friction is the lattice friction, which introduces a threshold for the motion of the dipolar loop [21] , it varies with the selection of specific material. The force components f dis and f DL j have the general form:
where b stands for the Burgers vector, σ is the stress field of either the dislocation or of the j th dipolar loop exerted on the ith loop. The stress σ dis is calculated by the fast sum method as introduced in [17] . The stress of a loop σ DL j is easily computed by summing up the analytical solution [22] of the four straight segments of the dipolar loop. It is to be noted here that a spatially uniform stress field has no effect on the motion of a dipolar loop, as a result of the closed line integration giving a net zero force on the loop.
Once the parametric curve for the dislocation segment is mapped onto the scalar interval ω ∈ [0, 1], the stress field everywhere is obtained as a fast numerical quadrature sum [17] . Let us define the following dimensionless parameters: r * = r/a, f * = F/µa, t * = µt/B. Here, a is the lattice constant, µ the shear modulus, B the mobility and t is the time. Following [13] , a dislocation can be divided into N s segments. In each segment j , we can choose a set of generalized coordinates q m at the segment ends, thus allowing parametrization of the form:
. . , m) are shape functions dependent on the parameter (0 ω 1), and
C C|ds| be the total force vector on a curved segment j , and the corresponding stiffness matrix, respectively. Following a procedure similar to the finite element method (FEM), the equations of motion for all curved segments can be assembled in global matrices and vectors, as:
and the equations of motion can be expressed as:
Equation (4) represents a system of ordinary differential equations, which describe the motion of an ensemble of interacting dislocations. Numerical integration of this system of coupled equations (equations (1) and (4)) was carried out by the step forward Euler explicit integration method. The glide dislocation is typically discretized into 22 segments, and cubic splines are used to approximate the shape of each segment. The overall time step is controlled such that the maximum displacement of any dipolar loop or a node on the gliding dislocation is less than 0.01 nm within a time step.
Results
Conditions for the dislocation sweeping of dipolar loops proposed by Kratochvíl et al [14] , as the basic mechanism leading to the formation of PSBs, which was based on the assumptions of the interaction between straight rigid dislocation and dipolar loops, relies on a number of key processes. In this section, we present results that show quantitative assessments of some of the basic ingredients in the sweeping mechanism. First, we analyse the motion of a single dipolar loop that is simultaneously interacting with a glide dislocation. Then, we show results for two dipolar loops interacting with a glide dislocation to quantify the role of inter-dipolar forces on their coupled motion. And finally, the collective motion of groups of dipolar loops is investigated as a prerequisite for the initiation of PSBs during fatigue loading conditions.
Glide dislocation and a single dipolar loop
In the following calculations, the position of the dipolar loop relative to the glide plane is (0, 30, D) , and the glide dislocation is oriented along [121] . Figure 3(a) shows the distribution of the resolved shear force per unit length exerted by the dipolar loop on a straight glide dislocation, which lies along [101], calculated for various stand-off distances. When the main loop axis is normal to the dislocation direction, the dipolar loop generates rapid asymmetric forces on the dislocation, as can be seen in figure 3(a) . The force distribution on the dislocation is shown in figure 3(b) , where the main axis of the dipolar loop is oriented along the dislocation line. The force distribution is symmetric in this configuration. The calculations clearly indicate that the range of the dipolar force on the dislocation is fairly localized, and is confined to about twice the larger dimension of the loop (i.e. ∼120 nm). As a result of such rapid dipolar force spatial variations, the method of PDD [13] is found to be very suitable. Dipolar loop forces deform the dislocation line, and this in turn, produces stress gradients in the vicinity of the loop itself. Thus, the mere presence of a dipolar loop close to a straight dislocation generates forces on the loop tending to move it along. Once the effective total force on the dipolar loop exceeds the lattice friction force (the friction stress is assumed to be 8 MPa [21] ), the loop moves along its glide cylinder, as governed by equation (1), and consequently changes the force distribution on the dislocation again. Figure 4 shows the simultaneous motion of a dipolar loop and the dislocation as obtained from the numerical integration of equations (1) and (4) . The projection of the configuration on the slip plane is shown in figure 4(a) , while the position of the dipole centre along its glide cylinder is given in figure 4(b) .
The dipolar loop is swept away from its original location by the stress gradient generated from the curved dislocation. At the beginning of the process, the stress gradient is low, thus the velocity of the dipolar loop is low. After about 0.5 ns, the dipolar loop forces result in higher dislocation curvature. Thus, the loop is driven away faster with an increasing velocity. At about 2.5 ns, the loop reaches a terminal velocity of about 75 m s −1 , as shown in figure 4(b) . During the simulation, the two ends of the dislocation are pinned. In order to remove boundary effects of the glide dislocation, we choose a long dislocation with an initial length of 4 µm.
Under cyclic stress conditions, the applied stress is reversed within each cycle. We use here an applied shear stress with an amplitude of 4 MPa above the friction stress. The glide dislocation passes back and forth under the dipolar loop. However, the gradient vector of the stress field does not change its sign during stress reversals, because it depends only on the dislocation shape. Thus, the interaction force between the dipolar loop and the dislocation keeps the loop moving along the same initial direction with each oscillation. Figure 5 shows the position of the dipolar loop centre as a function of the number of stress cycles. 
The effects of mutual interaction between dipolar loops
One important factor that controls the collective motion of dipolar loop groups is the influence of inter-loop forces. To study this effect, we examine here the interaction between two vacancytype dipolar loops. The force as a function of the mutual position of the two loops is shown in figure 6 . The stand-off distances of the loops are 12 nm and 20 nm, respectively. It is shown in figure 6 (a) that the inter-loop force is a complex function of their relative distance, and that the range of influence is rather small. This feature enables the introduction of a cut-off distance when we perform large-scale simulations. Figure 6 (b) shows the mutual driving force when the relative y = 0 between loops (refer to figure 1 for the coordinate system). Inter-dipole forces become small and negligible when the relative distance is larger than approximately twice the loop size. Figure 7 demonstrates the interaction between a glide dislocation and two dipolar loops, initially located at (−5, 30, 24) and (5, 30, 24) respectively. The Burgers vector of the glide dislocation and the loops is b = 1 2 [101]. The dislocation sweeps both loops away to the negative side, as shown in figure 7(b) . Due to their close distance, the mutual interaction between the two dipoles is very strong. Thus, the second dipolar loop is pushed to the opposite direction until their relative distance is around 40 nm, where their mutual interaction decreases to around zero, They were then moved almost independently by the dislocation cusp, as shown in figure 7(a) . The stress state of the dipolar loops generated a cusp on the dislocation line. This cusp changes the stress state, and in this way modifies the motion of the dipolar loops.
The importance of inter-loop forces on the dynamics of dipole-dipole-dislocation interactions is demonstrated in figure 8 . The centres of two loops are initially located at (−10, 30, 24) and (10, 20, 24) . In this configuration, the loops are bound together due to their mutual interaction. If mutual loop interaction is artificially switched off, the two dipolar loops move quite independently from one another, with the latter one moving a little bit faster than the leading one, as seen in figure 8 . On the other hand, if mutual interaction is included, inter-loop binding forces are stronger than forces exerted by the glide dislocation. The loops move as a group, with their relative separation almost kept unchanged. 
Collective motion of dipolar loops
To demonstrate the collective sweeping of dipolar dislocation loops, the dynamics of interaction between a glide dislocation and 20 loops is simulated. The dislocation is pinned at its ends, representing a Frank-Read source, and is cycled by the applied stress. The loops are initially randomly distributed in the vicinity of the dislocation slip plane, in the range of distances −300 nm to 300 nm, as shown in figure 9(a) . The dislocation line is very long (4 µm), so as to remove the effects of pinning boundary conditions on dipolar loop dynamics. Successive configurations of this system are shown in figures 9(b)-(d). After a critical number of cycles, dipolar loops separate into two clusters, and both groups move in the negative direction. The dynamics of the interaction process is displayed in a trajectory plot, shown in figure 10. Two well-separated loop clusters are formed after a number of cycles of the order of 20, as can be seen in figures 9(d) and 10. Some loop pairs are strongly coupled together, retaining their relative positions throughout the entire simulation (see the trajectories of two loops at the lower end of figure 10 ), while most others execute complex trajectories that cannot be predicted a priori. Nevertheless, the final configuration is represented by dipolar loop clusters swept into two well-separated groups. The glide dislocation then moves in the loop-free channel.
Conclusions
The results presented here show that the PDD method [17, 18] is a convenient tool for studies of elementary mechanisms of dislocation pattering caused by elastic interactions amongst defects. The method is accurate enough to deal with complex stress fields associated with the dynamic motion of dipolar dislocation loops and glide dislocations. The present investigation has demonstrated a number of physical processes involved in the sweeping mechanism:
(i) The stress field of a dipolar loop forms a small cusp on the glide dislocation, which localizes high stress gradients in its vicinity, and the loop appears to be riding on that cusp. (ii) Detailed investigation of loop-loop interaction forces show that such forces are critically important to the sweeping mechanism. The cusp on the dislocation line caused by one loop leads to indirect coupling with other loops, and this effect facilities loop cluster formation. On the other hand, when two loops are on different glide cylinders, and their inter-loop force barrier is overcome by the force exerted by the glide dislocation, loops trap one another in their mutual interaction field and move together. This self-trapping effect appears to be essential to the formation of loop clusters. (iii) Dislocation dynamics simulations demonstrate that the loop clustering mechanism plays an important role in the process of sweeping, which results from the complex interaction between loops and glide dislocations. The sweeping process has been tested using fixed-ends of a glide dislocation that is about 4 µm long and 20 rigid dipolar loops.
